INTRODUCTION
Landfills in semi-arid climatic areas have not been well studied. The literature contains very limited information on the interaction between a dry climate and the composition of landfill emissions (landfill gas and leachate), which constitutes one of the major challenges of sustainable landfill design and operation. Biodegradability of municipal solid waste (MSW) differs greatly from place to place; its production and composition are influenced by climate, season, cultural practice, co-disposal of waste water, etc. For example, the probability of a high discharge of leachate at certain times of the year makes leachate treatment very complex. As a result, leachate collection systems and treatment have to be designed to cope with the maximum concentration of pollutants, while taking account of climatic factors. In general, field investigations of landfills in semi-arid climates should be carried out to gather practical and reliable data, particularly gas production rates, leachate quality and degradation processes. However, simulating and predicting emissions from MSW landfills by constructing and operating landfill test cells or large scale lysimeters is timeconsuming, costly and difficult to control, while in many cases it is not easy to obtain representative data in a real landfill. Therefore, laboratory scale lysimeters are often used to simulate waste degradation behaviour in landfills [Barlaz et al., 1987; Barlaz et al., 1989b; Barlaz et al., 1989a ; Stegmann, 1997 ], as they make it possible to vary parameters and study the influence of both aerobic and anaerobic processes. Youcai et al. [2002] stated that when the scale is sufficiently large, laboratory scale lysimeters to simulate a landfill in terms of trends are applicable, reasonable and reliable. However, the exact parameter values in real landfills should be monitored and the data obtained in situ. Therefore, lysimeter studies are generally conducted to verify the reliability of the results . A lysimeter study was undertaken to determine the quantities of moisture and air that would optimize degradation, which can be enhanced by the application of water, the recycling of leachate and the addition of air [Stessel and Murphy, 1992] . Stegmann [1997] presented a landfill simulation technique using 100 l volume laboratory scale containers, where the processes can be controlled and reproducible results including mass balances obtained. Sufficiently large-scale lysimeter studies of waste are considered reasonable and reliable simulations of landfill conditions as they produce leaching patterns similar to field conditions. However, some results suggest that leachate emissions from full-scale landfill decrease more rapidly than predicted by laboratory experiments [Fellner et In this work, lysimeter experiments were designed to obtain primary information about the major environmental concerns involved in MSW landfill design for sustainable solid waste management in a semi-arid climate, namely the quantity and quality of leachate, gas generation and decomposition processes. A representative Jordanian MSW sample was used to determine the quantity and quality of landfill emissions and their impact on the environment. Environmental data from El-Akader, the biggest landfill in Jordan, were used for simulating rainfall and temperature in the lysimeter. Results from the lysimeter tests are intended to improve design parameters and operational methods for landfilling in Jordan, with the ultimate goal of making recommendations for sustainable landfill operation, taking account of current landfill practices in the country and the effect of climate change.
MATERIAL AND METHODS

Apparatus
A 100 l volume stainless steel lysimeter was built as a reactor in accordance with the original design of Ritzkowski and Stegmann [2003] . The internal diameter and height of the reactor were 0.40 and 1.00 m, respectively. A perforated plate was installed at the bottom to prevent clogging, loss of waste and to drain the leachate generated. The latter was collected in a transparent container equipped with a pump for recirculation and sampling. A port for leachate sampling and water addition was installed in conjunction with the leachate recirculation line, beside which a tube for pressure balance was connected between the reactor and the leachate container. A leachate irrigation line was installed at the top of the reactor to distribute the leachate to the waste mass. A rubber gasket was placed between the flange and the top lid in order to make it gas tight. A gas sampling port was installed on the lid of the reactor and connected to a volumetric gas counter. In front of the gas counter, a membrane filter (0.45 µm) was connected to the line to trap any moisture in the gas (see Figure 1) . The lysimeter enables leachate recirculation, rainfall simulation, leachate col- 
Experimental operation
To simulate Jordanian solid waste, 30 kg of wet waste from Jordan with an average moisture content of 52% was used in the lysimeter. In Figure  2 , the composition of the waste is presented. The waste reflects typical MSW generated in Jordan. The waste was shredded to 3-5 cm to achieve a relatively homogeneous mixture and enhance the degradation process. The waste was selected to be typical of Jordanian solid waste as presented by SWEEP [2010] . To ensure anaerobic conditions inside the closed lysimeter, it was flushed with pressurized nitrogen gas for 30 minutes during the start-up phase. The lysimeters were operated under various controlled moisture content and temperature conditions; the leachate recirculation process was applied to the lysimeter, while temperature control was based on the climatic conditions in Jordan (see Table 1 ). The experiment was carried out under optimum temperature conditions, corresponding to the mean temperature at the site. In their study to determine the time it takes to achieve stabilization of solid waste in landfills in Jordan, Abu Qdais et al. [2008] found that the optimal conditions for solid waste biodegradation were a mesophilic temperature of around 38 o C and a moisture content of approximately 65%. Based on these results, the temperature for dry and semi dry seasons was set to 35-38 o C. Temperature management was accomplished by incubating the lysimeter with controlled electrically heated water baths.
The experimental work was conducted in four stages, each of which involved a different scenario; in the first (stabilization period), the lysimeter was allowed to degrade naturally for about 50 days. Two litres of water were added, as moisture plays an important role in accelerating biochemical, chemical and physical processes in the landfill [Straub and Lynch, 1982 In the second stage from day 51 to day 111 (simulating the dry season), the temperature in the lysimeter was set in the range of [20] [21] o C (room temperature) and no recirculation of leachate or rain simulations took place. In the third stage (simulating a wet season) from day 112 to day 202, leachate recirculation took place twice per week and rain simulation was based on the average daily record; the addition of water was the same as the actual amount of precipitation that infiltrated into the landfill body in the case study. The added water was calculated as: l/d = mean monthly rainfall/mean rain days · surface area of the reactor (i.e. 0.13 m 2 · 0.5) as the surface area of the lysimeter was 0.13 m 2 and the amount of rainfall percolating through the landfill was assumed to be 50% in accordance with Sanphoti et al. [2006] ; Petchsri et al. [2006] . Figure 3 represents the average rainfall in the vicinity of the El-Akader landfill, which is the biggest one in Jordan [Abu- Rukah, 2001 ]. These data were used in the experiment. In the final stage from day 203 to day 292, the dry climate was simulated. During this period, leachate was recirculated once per week to speed up the degradation process, the temperature was set to 38 o C and rainfall assumed to be 0 mm. The simulation scenarios are presented in Table 1 .
Analytical methods
The representative MSW sample was prepared according to the standard quartering method for waste characterization and sampling, after which it was analysed for moisture content (MC). The leachate was measured and analysed once per week. Temperature (T), Electric Conductivity (EC), pH, Nitrate (NO 2 ), Nitrite (NO 3 ) and Chloride (Cl ), Phosphate (PO 4 2-) and Ammonium (NH 4 + -N) analyses were conducted using an ICP-OES Spectrometer, Optima 8300 (Perkin-Elmer). Redox potential was measured with a WTW redox electrode (MultiLine, IDS), while biological oxygen demand (BOD 5 ) was measured in an accredited laboratory (VASYD lab, Lund University). All leachate samples were passed through a 0.45 μm membrane filter. Biogas volume was measured using a Ritter volumetric gas meter and the composition analysed by means of an LFG 20 gas analyzer (ADC Gas Analysis Limited) in real time by monitoring Methane (CH 4 ), carbon dioxide (CO 2 ) and Oxygen (O 2 ) concentrations as well as the MC of the gas using a trap membrane filter (0.45 µm). Figure 4 presents the cumulative gas production and the volumetric gas fraction for CH 4 and CO 2 after running the lysimeter for 292 days. Gas production was negligible during the acidogenic stage due to the degradation of the organic material, while residual oxygen was consumed within a short time. At the beginning of the methanogenic stage, the gas production increased. However, after 260 days, the gas and leachate production rates became negligible. The start of the anaerobic degradation process was clear; the acidogenic and methanogenic stages were observable both in the leachate and the gas composition, CH 4 production increased and CO 2 grew by up to 79% after 120 days and then dropped to 40% after a further 15 days, which can be considered the start of the methanogenic stage. However, the 160 day period from when CH 4 was first detected until it formed 45% of the content of the waste demonstrated the slow growth of methanogens and risk of failure in cases where the organic load is high. Temperature also plays a significant role in the process.
RESULTS AND DISCUSSION
During the stabilization period (1 st stage), the decomposition process was accelerated by heating the recirculated leachate to 40 o C and gas production increased during the dry season (4 th stage). Methane production escalated when the lysimeter temperature was maintained at [35] [36] [37] [38] o C, which agrees with the results presented by Khattabi , 1993] . A high landfill gas production rate was observed, which could be due to continuing decomposition of organic waste with a high MC from simulated rain and recycled leachate, which also agrees with the results of Gurijala and Suflita [1993] . The methane content was found to be more than (45%), which clearly indicates the possible danger of explosion and fire in the landfill. Carbon dioxide and methane emissions have a significant impact on climate change. Only CH 4 is accounted for in the estimation of GHG emissions from landfills, despite the global warming potential (GWP) of CO 2 upon release [IPCC, 2007; IPCC, 2006] . This is due to the general consensus that CO 2 from waste decomposition is of biogenic origin and hence does not add to the overall GHG emissions that contribute to global warming [Lou and Nair, 2009 ] also CH 4 is a GHG that is 23 times more harmful than the same volume of CO 2 on climate change [IPCC, 2007] . Figure 5 presents the cumulative gas production and the redox potential in the lysimeter study. The elevated carbon dioxide is caused by the beginning of biological decomposition. The acidogenic could be separated from the methanogenic stage due to the changed redox potential of the leachate together with the increase in methane production. The redox potential change from a positive to a negative value is considered a clear indication of the beginning of the methanogenic stage. Methane production indicates reducing conditions with a redox potential. Unlike carbon dioxide, the solubility of methane is poor in water. The acidogenic stage in the lysimeter lasted about 4 months, whereas it usually lasts for a few years in a full-scale landfill. The anaerobic conditions as well as leachate recirculation accelerated the process.
The leachate generated and the precipitation on the top of the lysimeter are presented in Figure 6 . The moisture content (MC%) was 52 in fresh and 43 in digested waste. The volatile solids (VS%) were 45 in fresh and 32 in digested waste. The total solids (TS%) were 48. Leachate generation increased after leachate recirculation and was higher than the volume of added tap water. In the wet season scenario, leachate generation increased due to precipitation and was 10.2, 14 and 15.7 l after125, 175 and 200 days respectively. In the dry seasons, only a negligible amount of leachate was generated from waste degradation during stages 1 and 4, 2.5 and 2.4 l, respectively. With precipitation (stage 3), the leachate amount was higher than in the scenarios without precipitation (stages 2 and 4), although the amount of leachate from waste decomposition was small throughout the experiments. This indicates that addition of water increases the MC of the waste to its field capacity, which allows leachate generation. In the above discussion it has been assumed that no landfill daily cover is used.
In Figure 7 , the seasonal influence and the relation between the volumetric gas fraction (CH 4 and CO 2) and precipitation on the top of the lysimeter are presented. The gas composition illustrates the influence of temperature and leachate recirculation during the dry season, which enhanced biological activities leading to a sharp increase in CO 2 to 70% during the first 50 days. In the rainy season scenario, CH 4 production after four months increased from 0-45% in 20 days, which means that waste decomposition was much higher with moisture (precipitation and recirculation) than without, which concurs with the results of Gurijala and Suflita [1993] and Wintheiser [1996] .
The pH changes in the generated leachate are presented in Figure 8 . The pH value plays a prominent role due to its influence on microbial activities. In the first period (0-110 days) during hydrolysis, acetogenic and acidogenic stages, a large amount of organic acids are produced, resulting in a drop in pH from pH 7 to pH 4.9 and the mobilization of metals and other dissolved materials, thereafter with the start of the methanogenesis it start slowly increasing to 7.5 until day 200 and remained stable in the 6-6.5 range until the end of the observation period. The replacement of recirculated leachate by tap water facilitated successful maintenance of optimal pH and help providing the optimum growth of the Methane microorganisms. The stability indicates the solubilisation of the majority of organic compounds. In general, optimum growth of the Methane microorganisms occurs in pH neutral waters with low range pH values from 6.7 to 7.5 [Chris- ]. The ammonia produced by protein degradation helped to buffer the system. However, if the ammonia concentration increases the pH increases, it becomes toxic [Lien, 2004] . Figure 9 shows the COD concentration change in the leachate over time. The COD concentration increased from 28,000 to about 40,000 mg/l in the first stage. When the washout from the lysimeter increases, it leads to a decrease in the COD-content, which is typical of both the hydrolysis and the acidogenesis stages. In the following stage, the biodegradable carbon compounds in the leachate were rapidly utilized for methane production and COD decreased from 40,000 mg/l to 982 mg/l. Leachate recirculation during the stabilization phase (day 0-50) contributed to better performance in terms of biological activity and methanogenesis. The influence of temperature in the stabilization and dry periods (day 0-111) was notable. The temperature was set at 40 °C for the first 50 days, during which methane production increased from 0-40%. The dry scenario increased biological activity and gas production, while in the wet scenario leachate generated grew from 1 to 12.7 l, /depleting the water added during the stabilization period. These results correspond with the leachate concentration in Al-Russifa landfill, where the BOD-concentration was 36,900 mg/l, the COD-concentration 157,900 mg/l [Mrayyan and Hamdi, 2006] and global values were from 150 to about 100,000 mg/l [Christensen et al., 1992] . Generally, leachate from new landfills has a high COD content until the methanogenic stage is established. Thereafter, the COD-content steadily declines over time and, due to washout, levels off after about 10 years [Akyurek, 1995] .
In figure 10 the metal content in the leachate is presented. The heavy metal concentration usually refers to the total amount of dissolved metal. In MSW, heavy metals are mainly present in elemental forms, additives (often organic and inorganic salts) in polymers (e.g. plastics, textiles, leather, rubber, paper, etc.), batteries and various Figure 7 . The relation between volumetric gas fraction (CH 4 and CO 2 ) and precipitation on the top of the lysimeter Figure 8 . pH changes in the generated leachate complex solid phase matrices. The solubility of metals varies with pH, the presence of complexation ligands and metal species. Cu, Cr and Ni are dissolved by strong mineral acids, while elemental forms of Cd, Pb and Zn can also be dissolved by a weak acid (pH=5). The concentration of metals in the leachate was high, 0.2, 1.08 and 0.4 mg/l for Cu, Ni, and Cr respectively during the stabilization and dry periods for 111 days and lower during the wet season for 202 days, when it decreased to 0.1, 0.4 and 0.06 mg/l for Cu, Ni, and Cr respectively. The heavy metal concentration in the leachate increased during the hot seasons and decreased in the wet season. It was probably affected by wash out and possibly also by the sorptive capacity of waste containing organic matters with neutral to high pH methanogenic leachate levels. The heavy metal ions generally have low solubility in the waste, but can be affected by the pH and redox potential [Salem et al., 2008] . The release of cadmium from plastics requires strong mineral acids, while Cr in leather can be released under weak acid conditions. Usually these metals are found at moderate concentration levels in municipal landfill leachate [Baun and Christensen, 2004] . Particle size plays an important role in the solubility of heavy metals [Prudent et al., 1996; Flyhammar, 1998 ]. The environmental impact of landfills due to the dissolution of heavy metals requires long-term monitoring.
CONCLUSIONS
Determining the composition and generation of landfill emissions is important when assessing the feasibility of gas utilization and the leachate collection system at a landfill, but also when evaluating the potential for gas migration and leachate generation as an indication of landfill stability. A typical MSW sample reflecting the solid waste stream in Jordan was placed in an anaerobic lysimeter to simulate the influence of climate on the emission potential of landfills located in semi-arid regions. The experimental results revealed that a significant amount of leachate and landfill gas was produced during the wet season. The methane content was found to be more than 45% and the leachate produced amounted to 15.7 l after 200 days. This could be due to continuous decomposition of the organic waste with a high MC from leachate recirculation coupled with precipitation. However, after day 260 the gas and leachate production rates became negligible. The leachate recirculation combined with precipitation led to a more rapid degradation due to accelerated biological stabilization and the start of the methanogenesis stage. In real landfills natural decomposition is slow and landfill daily cover minimizes the amount of precipitation penetrating the landfill body. The results indicate that current landfill practices as well as landfill design and operational methods in Jordan need to be adjusted to ensure sustainability. The first recommendation is to convert the biggest landfill to anaerobic bioreactors. The gas could then be utilized, which concurs with the country polices and with the most common worldwide mitigation strategy is the capture of landfill gas for flaring or combustion to recover energy, as it provides significant environmental, economic and energy benefits [EI-Fadel and Sbayti, 2000], when financially visible. The second recommendation is that in cases where landfill emissions cannot be collected or treated (small landfills), the landfill should be kept as dry as possible to minimize leachate production and reduce the risk of groundwater contamination. This can be achieved in the short without much additional investment by improving and controlling open dumping to reduce its adverse impact. This approach tends to delay decomposition due to lack of moisture, thus reducing the risk of long-term environmental impact when the landfill cover becomes less effective. Finally, if the landfill is kept open during the dry season, direct evaporation could have a significant impact on the amount of leachate produced in such climates. However, this recommendation is only applicable in cases where the landfill has a bottom liner in addition to a leachate collection and treatment system. This recommendation takes the climate change effect into account, as an analysis of available climate data published by [UNDP, 2009] found an increase in maximum and minimum temperatures in selected meteorological stations of between 0.°C and 2.8 °C at the same time as a 5-20% decrease in precipitation was reported by a majority of meteorological stations in Jordan. The projected climate data for the year (2050) indicates an increase in temperature of less than 2 °C [UNDP, 2009]. The results can be used as a primary reference for optimization of landfill design parameters and sustainable landfill operational scenarios based on the climate as well as financial and technical means of the country in question. The existence and continued need for landfills now and in the future cannot be denied.
Not all waste can be composted or recycled and a certain portion will inevitably have to be landfilled. Nevertheless, Jordan should aim to reduce the amount of waste produced and divert it to suitable waste management facilities. To ensure the success of such an approach, legislation should be implemented to bring about a significant reduction in the amount of waste deposited in landfill sites. Many waste streams should be pre-treated prior to final disposal and co-disposal of waste water prohibited at landfill sites. These changes could have a significant impact on the type and volume of leachate generated. Thereafter a gradual adoption of better designed landfills must be initiated to meet long-term sustainability goals. The pace will depend on the implementation of national policies and the availability of physical and financial resources. Finally, there is a clear need for more research on all aspects and to bear in mind that the composition of waste is extremely changeable due to its nature, length of time in the landfill and the effect of global warming.
